12 by allowing all genes-including essential genes that 54 cannot be studied through deletion-to be systematically targeted so that a relatively small 55 strain library provides comprehensive coverage of the genome. Moreover, the DNA sequences 56 encoding sgRNAs serve as unique barcodes to differentiate CRISPRi strains mixed in a pool, 57 allowing for competitive fitness measurements using next generation sequencing 8 . CRISPRi 58 blocks expression of downstream genes in operons 1, 4 , but this property can be used to further 59 simplify libraries by targeting operons instead of genes. 60
Despite these advantages, CRISPRi has been used in only a few bacterial species both 61 because CRISPRi has been transferred using species-specific 4 or narrow host-range knockdown efficiency; for instance, by using Vibrio-specific promoters for dcas9 and sgRNA 105 expression. We conclude that Mobile-CRISPRi is an effective genetic tool for gene knockdowns 106 in diverse, non-model bacteria. 107
The emergence of multi-drug resistant pathogenic bacteria is an urgent threat to human 108 health that requires both new antibiotics and a better understanding how existing antibiotics 109 work 19 . Knowledge of the mechanism by which antibiotics kill bacteria-the mode of action 110 (MOA)-is critical to advance new antibiotics from the laboratory to the clinic 20 . Because the full 111 complement of genes in a bacterial genome (i.e., genetic background) can affect antibiotic 112 function 20 , the MOA should ideally be determined directly in clinically relevant strains. However, 113 most pathogenic bacterial lack genetic tools to systematically perturb the functions of essential 114 genes that typically encode antibiotic targets. Importantly, we previously showed that the ability 115 to titrate the knockdown level enables the systematic study of essential genes in B subtilis. A 116 low (~3-fold) level of knockdown allowed sufficient growth to determine the MOA of an 117 uncharacterized antibiotic by virtue of its synergistic effects on growth 4 . 118
To explore whether Mobile-CRISPRi could be used to explore MOA in pathogenic 119
Proteobacteria associated with antibiotic resistance (i.e., Gram-negative rods), we examined 120 synergy between the antibiotic trimethoprim and the essential gene folA, which encodes the 121 trimethoprim target dihydrofolate reductase 21 A compelling feature of CRISPRi is the ease of pooled knockdown library construction, 131 either for defined gene sets or at the genome scale 8 . As a proof of principle, we used Mobile-132
CRISPRi to construct a 40-member library of selected genes in the opportunistic pathogen, 133
Enterobacter cloacae (Supplementary Tables 1 and 2 ). In the pooled context, each sgRNA 134 functions as a barcode, enabling quantification of each knockdown strain in the pool. To 135 evaluate our pipeline, we performed two different pooled experiments. In the first, all steps from 136 initial cloning to analysis were performed in a pool (Fig. 4a) . This revealed that all sgRNA strains 137 were present and had reasonable representation in the pool (31/40 sgRNA counts were within 138 one standard deviation of the median, with a maximum 50-fold difference in representation). In 139 the second, each sgRNA plasmid was constructed individually, and an equimolar mixture of 140 plasmids was used to transform E. coli and perform downstream steps (Fig. 4b ). This assessed 141 the variability of all steps downstream of cloning and revealed a maximum 2-fold difference in 142 representation. Thus, Mobile-CRISPRi transfer and integration is highly uniform, with essentially 143 all variability derived from the initial cloning step. Further optimization or alternative cloning 144 strategies 8 may decrease the variability in sgRNA representation. 145
Our library consists of 10 amino acid biosynthesis genes, 4 putative essential genes and 146 6 well-characterized genes, each targeted by 2 sgRNAs (Supplementary Table 1 ). For fitness 147 measurements, we grew our library in glucose minimal medium in competition with a 100-fold 148 excess wild-type E. cloaca. We measured the relative frequency of each strain in the library 149 after 6 and 12 generations with and without CRISPRi induction to initiate knockdown. Using the 150 fitness calculation of van Opijnen et al.
12
, we found that fitness of strains with sgRNAs targeting 151 amino acid biosynthesis and those targeting some putative essential genes decreased, whereas 152 representation of non-essential genes that are unrelated to amino acid biosynthesis remained 153 constant ( Fig. 4c; Supplementary Table 2 ). Fitness for affected strains was more pronounced at 154 of the essential and auxotrophic genes, but with more variability than previously observed 4 , 157 potentially due to cross-feeding of nutrients between strains in the pooled context. Finally, the 158 fitness measurements from the completely pooled construction (Fig 4a) , and those in the equal 159 representation library (Fig. 4b, Supplementary Table 2 ) were highly correlated (R 2 =0.92) 160
indicating that the initial frequency of the strain in the pooled library did not affect the 161 measurement of the fitness (Fig. 4d) . 162
We also screened an arrayed library of individual knockdown strains to confirm the 163 auxotrophy of amino acid biosynthesis gene knockdown strains, finding that their poor growth in 164 minimal medium was suppressed by relevant amino acids ( Supplementary Fig. 3 and 165
Supplementary We anticipate that Mobile-CRISPRi will be a transformative technology for non-model 170 bacteria lacking genetic tools and will facilitate cross-species genetic analysis. The existing 171
Mobile-CRISPRi transfer and knockdown systems are already effective in many organisms, and 172 its modularity makes it straightforward to expand host range (e.g., combining different transfer 173 and integration functions, anti-restriction proteins 22 ) and increase knockdown efficacy (e.g., use 174 of "alternative" dcas9 genes 5, 6 ). The stability of Mobile-CRISPRi in the absence of selection 175 suggests that it could be a valuable tool for dissecting the genetics of host-microbe interactions 176 in both pathogenic and microbiome contexts, and aid in MOA studies in relevant human 177 pathogens. Interestingly, our approach for transferring CRISPRi mirrors natural transfer of 178 CRISPR systems by transposons related to Tn7
23
. We will continue to look to nature for novel 179 approaches to explore the vast landscape of bacterial genetics. 180 and then mating and selection were performed on LB agar plate using a Singer ROTOR robot. transposase donors) were grown overnight (~16 hrs) at 37 °C in Lysogeny Broth (LB) + 300 µM 301 DAP (Alfa Aesar B22391) + 100 µg/ml ampicillin. Recipient strains assayed here also grew to 302 saturation in LB after incubation at 37 °C for ~16 hrs. 100 µl of each donor and recipient strain 303 was added to 700 µl of LB and mixed by pipetting. Mixes of donor and recipient strains were 304 pelleted for 2 min at 7000 × g, washed twice with 1 ml of LB, resuspended in 30 µl of LB after 305 the final wash, pipetted onto a cellulose filter (MF-Millipore HAWG01300) placed on a pre-306 warmed LB + 300 µM DAP plate, and incubated at 37 °C for 6 hrs. Filters were then transferred 307 to microcentrifuge tubes containing 200 µl of PBS and vortexed to liberate the cells. Cells were 308 spread onto on media that selects for the Mobile-CRISPRi plasmid and recipient (e.g., LB +concentrations used for selection were: 6 µg/ml (B. subtilis) chloramphenicol, 7.5/50 µg/ml 311 kanamycin (B. subtilis/S. aureus), and 100 µg/ml streptomycin. 312 ICE-based Mobile-CRISPRi strains were constructed by bi-parental mating as previously 313 described 28,29 with modifications. New ICE donor strains were generated by transformation of B. 314 subtilis with Mobile-CRISPRi integration plasmids using natural competence as previously 315 Fig. 1a) , the native attTn7 site in E. coli K-12 DH10B was occupied by an unmarked Tn7 to 337 prevent chromosomal transposition, while test attTn7 sites were cloned onto a chloramphenicol 338 resistant plasmid. 339
Figure legends
Four independently generated isolates of E. coli K-12 BW25113 and B. subtilis 168 containing 342
Mobile-CRISPRi systems targeting rfp were grown to saturation overnight at 37 °C in LB + 343 kanamycin (30 µg/ml for E. coli and 7.5 µg/ml for B. subtilis) to select for retention of the of the 344 Tn7 or ICE element containing CRISPRi. One ml of each culture was centrifuged at 6000 × g for 345 MIC assays were performed using the broth microdilution method as previously described 31 , 378 except that 0.1% arabinose (for P. aeruginosa) or 100 µM IPTG (for E. aerogenes) was added 379 to induce dcas9 expression. Growth curves shown in Fig. 3 were set up in exactly the same 380 manner as the MIC assays, except that cultures were grown with agitation in a plate reader 381 (BioTek) for ~16 hrs. Table 1) were 387 pooled and ligated into a BsaI digested plasmid. Ligation product was transformed into an E.coli pir+ strain. Colonies on selection plates (LB + 100 µg/ml ampicillin) were collected and 389 resuspended in LB and plasmids were purified from of pooled transformants. Purified pooled 390 plasmids were transformed into donor strain, MFDpir. Transformants were collected and 391 resuspended in LB + 300 µM DAP + 100 µg/ml ampicillin + 12.5% glycerol and stored at -80 °C. Table 6 ). Frequencies of strains in each 409 sample were calculated by dividing the number of reads of sgRNA encoding sequence from 410 each strain by the number of total read and used for calculation of fitness. Fitness was 411 of the bacterial population during library selection. We calculated d using OD450 change. 414
Average fitness from two biological replicates is presented in Supplementary Table 2.  415   416 Ordered Tn7-based Mobile-CRISPRi libraries for E. cloacae were constructed by following the 417 procedure for single gene CRISPRi strain construction with modifications for automation (Fig.  418   S4 ). Each donor Tn7::CRISPRi strains were prepared by transformation of individually cloned 419 plasmids into MFDpir strain and arrayed in 96 well plate. Equal amount of transposase strain 420 was added to each well and pinned to LB + 300 µM DAP + 2% agar plate using a Singer 421 ROTOR robot. Wild-type E. cloacae cells arrayed in 96 colony format were pinned to the same 422 plate, which was incubated for 6 hrs. Kanamycin resistant E. cloacae CRISPRi strains were 423 selected on LB supplemented with kanamycin two times and stored at -80 °C as a glycerol 424 stock. To screen growth phenotype of each strain, cells were pinned from glycerol stocks onto 425 rectangular LB agar plates in 384-format using a Singer ROTOR robot (four technical replicates 426 on one plate in this screen). For each screen, exponentially growing cells in 384-format were 427 then pinned to defined media plates and incubated for 16 hrs at room temperature to avoid 428 mucoid colony formation. Plates were imaged using a Powershot G10 camera (Canon) when at 429 a time point at which fitness differences were apparent but growth had not saturated. 
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